M proteins of the group A streptococcus, despite their well-recognized immunological variations, have the unique capacity of maintaining a common antiphagocytic function for the organism. Antibodies to M proteins, however, are capable of neutralizing the antiphagocytic activity of these molecules (1-3). Although, immunological cross-reactions between different M types have been observed (4-6), the opsonic activity of the M antibody is type specific (4, 7). Rarely does an antibody opsonic to one M type serve the same function for another.
M proteins of the group A streptococcus, despite their well-recognized immunological variations, have the unique capacity of maintaining a common antiphagocytic function for the organism. Antibodies to M proteins, however, are capable of neutralizing the antiphagocytic activity of these molecules (1) (2) (3) . Although, immunological cross-reactions between different M types have been observed (4) (5) (6) , the opsonic activity of the M antibody is type specific (4, 7) . Rarely does an antibody opsonic to one M type serve the same function for another.
In an attempt to understand the structural features governing the common biological function of the immunologically diverse M proteins, we have undertaken studies on the primary structure of these molecules. Our previous work (8) on the comparison of the partial sequence of M5 protein with M24, the only other M protein for which partial sequences have been reported (9) , revealed certain similarities between them. In the present paper, we report the partial sequence of a third M protein; namely, M6, and additional sequence data on the M5 molecule. Comparison of these partial sequences with those of the M24 molecule (9) indicated that despite sequence variations certain amino acid identities were common to the three M molecules, which suggests a conservative sequence relationship between these proteins. In addition, secondary structural analysis of these known M protein segments revealed that they all exhibit high alpha-helical potential. Even more striking was the fact that they all contained regions exhibiting a repeating seven residue periodicity. Furthermore, the amino acid identities common to the homologous regions of the three M proteins occupied defined positions within the seven residue period.
In a recent report from our laboratory (10), we indicated that M protein has a close physicochemical resemblance to mammalian muscle tropomyosin. An examination of the partial sequence of the M24 protein (9) revealed significant similarity between this bacterial stz:face molecule and segments of mammalian muscle tropomyosin with up to 40% identical residues. In the present report, we have compared the partial sequence of two additional M molecules (M5 and M6) with tropomyosin to determine if the similarities observed with the M24 protein are a general feature of the M molecules. The results of these studies indicate that M5 and M6 proteins reveal even closer structural similarities with regions of tropomyosin than the M24 molecule, with up to 50% identical residues. Furthermore, the seven residue periodicity found common to the three M proteins is a unique feature of the tropomyosin molecule. The significance of this marked structural and sequence similarities between M proteins and tropomyosin is discussed in relation to the biological and immunological properties of the M molecule.
Materials and Methods
M Proteins. M6 protein was isolated by extraction with nonionic detergent and purified as previously described (11) and will hereafter be referred to as Det-M6) M5 protein was isolated from type 5 streptococci by pepsin digestion and purified as described recently (8) , and will be referred to as Pep M5.
Cleavage of the Det-M6 Protein at Arginyl Peptide Bonds
CIT~CONYLATION. Because end group analysis (12) of Det-M6 indicated a blocked amino terminus (13) , sequence analysis of this molecule was carried out after cleavage with trypsin. In order that cleavage could be restricted to arginine residues, the lysine residues of purified Det-M6 protein were reversibly blocked with citraconic anhydride as outlined by Singhal and Atassi (14) . Briefly, 5 mg of Det-M6 was dissolved in 4 ml of 0.05 M borate buffer (pH 8.5) that contained 6 M guanidine hydrochloride. While stirring, 13 aliquots (20-pl each) of citraconic anhydride were added at 15-min intervals while the pH was maintained at 8.3-8.5 with 3 N NaOH by a pH-stat (Radiometer Co., Copenhagen, Denmark). The solution was allowed to stand at room temperature for an additional 30 min and then dialyzed extensively against 0.2 M ammonium bicarbonate (pH 8.3) and lypophilized.
To determine the percentage of lysines blocked by eitraconic anhydride, 200 pg of the citraconylated protein was dansylated (12) to irreversibly block the unreacted lysines. The dansylated protein was then dialyzed against 2% acetic acid (to deblock the citraconylated lysines), lyophilized, and analyzed for its lysine content after acid hydrolysis. It was thus estimated that 93% of the lysines in the M protein were citraconylated.
TRVPSXN DIGESTION. The citraconylated M protein was taken up in 3 ml of 0.2 M ammonium bicarbonate buffer, pH 8.1. Tosyl phenylalanine chloromethyl ketone-trypsin (50/zl of a 1 mg/ ml solution) was added and the digestion was carried out at 37°C with the pH maintained at 8.1-8.3 with 1 N NaOH. After 4 h, a second aliquot of trypsin (50 pl) was added, and the digestion continued for an additional 6 h under nitrogen. The solution was then lyophilized and stored at -20°C. Deblocking was accomplished by dissolving the peptides in 20% acetic acid and maintaining the solution at room temperature for 30 min before gel filtration.
Purification of Two Tryptic Peptides of Det-M6.
The tryptic digest of Det-M6 was fraetionated on a column of Sephadex G-75 (Pharmacia Fine Chemicals, Div. of Pharmacia, Inc., Piscataway, N. J.) in 20% acetic acid. The elution profile as monitored by the O-phthalaldehyde reaction (15) is shown in Fig. 1 . Fractions were pooled as indicated and analyzed for amino terminal residues (12) . Because region CT-3 revealed leucine as the sole amino terminus, it was sequenced directly. Of the other regions, CT-2 contained glutamic acid as the major amino terminal residue, along with a small amount of leucine, whereas the remaining pools revealed two or three major amino termini. Rechromatography of pool CT-2 on Sephadex G-50 in 20% acetic acid resulted in the purification of the peptide with glutamic acid as its amino terminal residue.
Sequence Analysis. Automated sequence analysis was carried out on 50-100 nmol of peptide (based on arginine content), or protein (based on Lowry et al. [16] ), on a Beckman 890B sequencer (Beckman Instruments, Inc., Fullerton, Calif.) as described earlier (8) . 
Results
Sequence Analysis ofDet-M6 Peptides. The sequences of the amino terminal region of peptides CT-3 and CT-2 are illustrated in Fig. 2 . Comparison of these sequences with the reported amino terminal sequence of Pep M6(I) ~ (18) revealed that residues 14-20 of peptide CT-2 are identical to residues 1-7 of Pep M6(I) (Fig. 2) . These results suggest that the Leu-Gln linkage in the M6 molecule may be one of the peptide bonds susceptible to the action of pepsin at pH 5.8 (the condition used in the pepsin digestion method for M protein isolation from the streptococcus [18] ). In addition, these results place peptide CT-2 near the amino terminal region of the Det-M6 molecule. Because Det-M6 (11) is about 8,000 daltons greater than Pep M6 (18) (B. N. Manjula and V. A. Fischetti. Unpublished observations.), the peptide bond cleaved by pepsin at pH 5.8 appears to be located about 70 residues from the amino terminus of the Det-M6 molecule.
Sequence Repeats in Pep M5. Fig. 3 illustrates the first 50 residue sequence of the amino terminal region of the Pep M5 molecule. A salient feature of this sequence is that beginning at Leu-27 there is an internally repeating heptapeptide, Leu-Lys-ThrGlu-Asn-Glu-Gly, which essentially repeats consecutively three times (with the exception of Lys for Glu at position 30 and Lys for Gly at position 47) with the suggestion of a fourth repeat beginning at Leu-48. The occurrence of a heptapeptide repeat in the partial sequence of Pep M24 a (9) was observed earlier in our laboratory (10) . The M6 protein isolated by pepsin digestion (Pep M6) was found to be a mixture of two components, Pep M6(I) and Pep M6(II). Pep M6(I) has been purified to homogeneity and shown to have type-specific precipitating activity (18) . a Pep M24:M24 protein isolated by pepsin digestion. The sequence of this molecule has been shown to be highly repetitious. Cyanogen bromide cleavage of Pep M24 yields seven peptides, CB-1, through CB-7. Partial sequence analyses of these peptides revealed that CB-1 and CB-2 are identical to each other and to the amino terminal region of the uncleaved molecule, at least through residue 27. On the other hand, the amino terminal sequences of CB-3 through CB-7 were identical to each other through residue 20, but differed from CB-1 and CB-2 (9). sequence, Leu-Glu-Ala-Glu-Lys-Ala-Ala, was found to occur essentially twice within a segment of this molecule (but for the seventh residue in the second repeat, which is presently unknown). Thus, Pep M5 is the second M protein in which heptapeptide sequence repeats have been demonstrated, which suggests that the occurrence of such repeats could be a common feature of the M molecules. It is, however, interesting to note that in the regions of Pep M5 and Pep M24 examined thus far, the repeating heptapeptide sequences are not identical.
Comparison of the Sequences of M Peptides.
To determine if sequence similarities exist among M proteins that could suggest a mechanism for their common biological function, a comparison was made of the partial sequence of Pep M5 and Det-M6 with partial sequences of Pep M6(I) (18) and Pep M24 (9) . As can be seen in Fig. 4 , segments of M5, M24, and M6 exhibit considerable sequence homology with each other. An outstanding feature of this homology is that six amino acid residues (corresponding to Glu-15, Glu-23, Asn-24, Leu-27, Asn-31, and Leu-34 of Pep M5) are common to the segments of Pep M5, Pep M24, and Det-M6. In addition to these common identities, several other identities as well as conservative substitutions (17) between these segments can also be seen in Fig. 4 . Furthermore, because of the overlap in the sequences of Det-M6/CT-2 and Pep M6(I) (see Fig. 2 ), if segment 8-19 of Pep M6(I) can be considered as an extension of the Det-M6/CT-2 peptide, then, as can be seen in Fig. 4 , the identity between M6 and Pep M5 extends to 13 of 32 residues.
Thus, it is apparent that despite the fact that the segments of Pep M5, Pep M24, and Det-M6 shown in Fig. 4 were derived from the amino terminal region of their respective molecules, they are not identical to each other; however, certain residues appeared to be conserved. Because a common feature of M proteins is their characteristic amino acid composition (3) in which there is a predominance of alpha-helixpromoting amino acid residues, and only negligible amounts of helix breakers (Pro and Gly) (19) , it appears likely that the M molecules may be predominantly alphahelical proteins. It is therefore conceivable that conservation of certain residues in conformationally similar M molecules may be necessary for the common antiphagocytic function of these proteins. Data in support of this idea are presented below.
Conformational Analysis ofM Peptides. To determine if conformational similarities do indeed exist between M molecules, the secondary structure of the sequenced regions of the M proteins were analyzed by a computer program based on the predictive (19) of the secondary structure of the partial sequences of Pep M5, Det-M6, and Pep M24 (9) . To conserve space, amino acid residues are indicated by single-letter code (20) . The secondary structural characteristic assigned to each residue indicates the potential of that residue, taking into account the influence of neighboring residues. The assignments H, S, and C represent alpha-helical, beta-sheet, and random coil regions, respectively, whereas T represents regions with beta-turn potential.
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algorithm of Chou and Fasman (19) . A composite result of the computer analysis is illustrated in Fig. 5 . It can be seen that, in general, all the M sequences contain regions that exhibit a high alpha-helical potential. With the exception of Det-M6/ CT-3, which appears to be completely alpha-helical, the other M segments contain some regions that exhibit beta-sheet and/or beta-turn potential, either alone or in addition to alpha-helical potential. When a similar analysis was performed on tropomyosin, a molecule reported to be nearly 100% alpha-helical (21, 22) , it was found that even this molecule contains a few regions having beta-sheet as well as 
De, M6/CT-3 . 6 ), placing them in defined positions within the sequence. Furthermore, because the known sequence of Pep M24 (9) accounts for nearly 50% of the molecule, it is clear that the observed periodicity extends over a significant length in this molecule. Whether the regular periodicity found within the three M molecules extends throughout their entire length must await further sequence results. However, the existence of a common periodicity within the sequence of the three M proteins examined suggests that common conformational features could certainly exist within these molecules. The seven residue periodicity observed in M proteins was found to be similar to that found in mammalian tropomyosin (24, 25) . Tropomyosin exhibits a nearly regular seven residue periodicity throughout its entire length, making 40 complete periods and a final short period (24, 26) . Within each seven residue period, amino acid residues at position a and d are normally hydrophobic (often Leu or Ala), whereas position g is usually a charged residue. In the tropomyosin alpha-helix, the nonpolar residues at positions a and d form a twisted zig-zag band on one side of the helix (27) , as illustrated schematically in Fig. 7 . These hydrophobic residues interact with those of a second tropomyosin molecule forming a thermodynamically stable double helical coiled-coil structure (27, 28) .
To illustrate the periodicity of tropomyosin with relation to the M molecules, tropomyosin segment 39-69 is also shown in Fig. 6 . This region of tropomyosin was chosen for comparison because residues 39-58 exhibit significant homology with Det-M6/CT-3 (see Fig. 8A ). Thus, it can be seen that the seven residue periodicity observed in M proteins is similar to, but not identical with, that of tropomyosin. While residues at positions d and g bear the same relationship in both tropomyosin and M proteins (hydrophobic and charged, respectively), 5 the residue at position a in tropomyosin is hydrophobic whereas it is either hydrophobic or asparagine in the M proteins. For instance, in segments CB-3 to CB-7, the residue at position a is invariably hydrophobic (Ala); while the same relationship is seen in Det-M6/CT-3 (but for Asn-5), in the other M segments position a is most often occupied by Asparagine, an uncharged polar residue. As illustrated in Fig. 7 , the occurrence of hydrophobic groups at positions a and d of the seven residue period along the whole length of the tropomyosin molecule has been suggested to be responsible for the alpha-helical coiled-coil structure of this molecule (27, 28) . Because M protein segments exhibit high alpha-helical potential (Fig. 5) and because the periodicity observed in Det-M6/ CT-3 and Pep M24/CB-3 to CB-7 is virtually the same as in tropomyosin, it is apparent that these regions of the M6 and M24 molecule could certainly participate in coiled-coil interactions. However, a helical folding of the other M segments would result in an alternate arrangement of a hydrophobic residue and asparagine on one side of the helix. Although asparagine residues can participate in hydrogen bonding, their role on the stabilization of coiled-coil interactions in these M segments is not clear at present. Fro. 7. A schematic diagram illustrating the arrangement of residues along the alpha-helix in a molecule with tropomyosin-like periodicity. The letter notation used for the seven residue repeats is the same as in Fig. 6 . Primed letters represent residues in a second alpha-helix. Because of their relative positions in the seven residue period, hydrophobic residues a, d and a', a t are arranged along one side of the helix. Hydrophobic residues of Helix 1 interact with those of Helix 2 to form a thermodynamically stable two-stranded alpha-helical coiled-coil.
Comparison of the Partial Sequences of Pep 345 and
whether it is a common characteristic of M proteins, the partial sequences of M6 and M5 proteins were compared with proteins of known sequences, using the computer program SEARCH (17) . When Det-M6/CT-3 was analyzed in this manner, the first and second highest scoring segments retrieved by the computer from the nearly 100,000 segments of comparable length in the protein sequence data bank were two separate regions of tropomyosin, namely, residues 39-58 and 221-240 (Fig. 8 A) . Alignment of peptide CT-3 with tropomyosin segment 39-58 revealed 8 amino acid identities (40% identity), whereas segment 221-240 exhibited 10 identities (50% identity). In addition to these identities, a number of conservative substitutions (17) were also noted between the segments compared. Furthermore, both tropomyosin segments showed identical residues in positions corresponding to 4, 8, 11, 12 , and 16 of peptide CT-3.
Analysis of peptide CT-2 ( Fig. 8 B) also revealed a certain degree of homology with tropomyosin; segment 87-106 was retrieved by the computer, but with lower homology than that obtained for the CT-3 fragment. Although the number of identities between the sequences compared are limited, as many as 10 conservative substitutions were noted. Curiously, of the residues in CT-3 and CT-2 that are identical with those of tropomyosin segments, leucine, glutamic acid, and lysine appear to predominate.
For the purposes of computer analysis, the 50 residue amino terminal sequence of Pep M5 was divided into two segments; namely, 1-29 and 27-50. Pep M5/(I-29) exhibited homology with the tropomyosin segments 122-150 (eight identities and seven conservative substitutions) and 202-230 (six identities, which included a tetrapeptide, and eight conservative substitutions) (Fig. 9A) . On the other hand, analysis of Pep M5/(27-50) revealed that, as in the case of Det-M6/CT-3, the highest homology was obtained for a segment of tropomyosin, namely residues 50-73. Alignment of Pep M5/(27-50) with tropomyosin/(50-73) revealed that 9 of the 24 residues are identical (37% identity) and 7 substitutions are conservative (Fig. 9B ). Based on a normal distribution of SEARCH scores (29) , the probability that the homology between tropomyosin/(50-73) and Pep M5/(27-50) occurred by chance is < 10 -7. Generally, only 5% of the searches of unrelated segments with the mutation data matrix get this high a score (M. O. Dayhoff. Personal communication.). Therefore, the observed homology between Pep M5/(27-50) and tropomyosin/(50-73) appears to be highly significant. A second segment of tropomyosin exhibiting homology with Pep M5/(27-50) is residues 43-66 (Fig. 9 B) . It is interesting to note that the difference between this segment and segment 50-73 represents a seven residue shift within the tropomyosin molecule.
The fact that multiple regions of tropomyosin are retrieved by the computer in response to an M protein segment may be explained by the fact that the sequence of tropomyosin is highly repetitious. The molecule consists of seven nearly regular 42 residue segments which, though not identical, are highly homologous to each other (26) . Therefore, the homology of a given M protein segment with multiple segments of tropomyosin is in keeping with the pseudorepetitious nature of the latter.
Thus, the results presented above indicate that the sequence homology with tropomyosin observed earlier for the M24 protein (10) was not unique to that molecule, but appears to be a common characteristic of M proteins.
Discussion
The results of this study reveal that the partial sequences of three immunologically distinct M proteins; namely, M5, M6, and M24, while not identical, are highly homologous to each other. Although the degree of homology between any two M protein segments varies, some amino acid residues appeared to be conserved within the three molecules, As will be seen below, it may be the relative juxtaposition of these common residues within the conformation of the M protein molecules that determines their common biological function.
In addition to homology between each other, the partial sequences of the M5 and M6 proteins also exhibited significant homology with different regions of mammalian tropomyosin. A relationship between M proteins and tropomyosin was suggested earlier from our laboratory (10), based on similarities in physicochemical properties and homology with the partial sequence of Pep M24 (9) . The homologies with tropomyosin observed in this study for M5 and M6 proteins are even closer than that observed with Pep M24 (10) . Thus, up to now partial sequences of three immunologically unrelated M proteins have been demonstrated to exhibit significant sequence homology with different segments of mammalian tropomyosin.
Secondary structural analyses of the sequenced regions of the three M proteins by the Chou and Fasman method (19) revealed that they all exhibit a high alpha-helical potential. Even more striking is the fact that they all contain regions with a common seven residue periodicity. This subsequence periodicity observed in M proteins was similar to that found in mammalian tropomyosin. Because it has been shown that the seven residue periodicity in tropomyosin is responsible for its coiled-coil alpha-helical conformation (27, 28) , it is plausible that, in addition to homologies in primary structure, similarities may also exist in the secondary and possibly tertiary structure of M protein and tropomyosin.
The existence of a tropomyosin-like seven residue periodicity has been recently demonstrated in two members of the keratin-myosin-epidermin-fibrinogen (k-m-e-f) group of proteins; namely, keratin (30) and fibrinogen (31) . Although this periodicity extends throughout the molecule in tropomyosin, in keratin and fibrinogen it appears to be restricted only to certain regions. However, participation of these regions in coiled-coil interactions within these proteins has been suggested based on an atomic scale model (31) and computational analysis (30) . Therefore, the tropomyosin-like periodicity Observed in the partial sequences of the streptococcal M proteins i s highly suggestive of their involvement in intra-and/or intermolecular coiled-coil interactions.
The results of this study are in support of our earlier suggestion that a common conformation of the M molecules may be the basis for their common antiphagocytic function (6, 8) . Because of the constraints imposed by the repeating seven residue periodicity on the folding of the protein, certain residues could occupy spatially equivalent positions in the tertiary structure of the different M molecules. It may be the similarity in the juxtaposition of these residues that governs, in an as yet unknown way, the common biological function of the M molecule. The observation that the amino acid residues conserved within the three M protein sequences occupy defined positions in the seven residue periodicity supports this idea. Type-specificity may then be determined by those residues not involved in maintaining the tropomyosin-like periodicity. Therefore, as suggested previously by Fischetti (6) , it is possible that through immunological pressure, the antigenic character of the M molecule can change, as long as the conformation necessary for its biological function is not altered.
Several bacterial proteins have been compared with contractile proteins to understand either their structure and/or function. Flagellar protein, a component of the motilebrganelle of bacteria, has long been known to belong to the k-m-e-f family of fibrous proteins and has been compared to F-actin (32) . Escherichia coli ribosomal protein L7/L12, involved in translocation during peptide synthesis, also exhibits structural similarities with certain contractile proteins (33, 34) . In addition, regions of staphylococcal protein A have recently been shown by this laboratory to exhibit sequence homology with actin and myosin (10) . Curiously, the sequence of E. coli lipoprotein, which is highly repetitious (35) , has been shown to exhibit a tropomyosinlike seven residue periodicity throughout its entire length (36) . Analysis of the secondary structure of this molecule has indicated that, like tropomyosin, E. coli lipopr0tein can also attain a coiled-coil helical structure (36) . Therefore, from these results and those reported in this study, one could speculate that E. coli lipoprotein and M protein may have evolved from a common ancestral gene. For instance, in the case oftropomyosin, it has been suggested that the almost regular 42 residue pattern found in the 7 regions of the molecule probably arose from gene duplication, a reasonable common ancestor being the heptapeptide Leu-Lys-Val-Leu-Glu-Glu-Lys, with the alternative of alanine at position 4 (26) . In this regard, it is interesting to note that the observed seven residue repeat in Pep MS, namely Leu-Lys-Thr-GluAsn-Glu-Gly, has identity with this segment in three of the seven positions (i.e., at positions 1, 2, and 6).
The biological and/or pathological implications of the resemblance of M proteins to tropomyosin is not clear at present. However, the structural and sequential resemblance of M protein to a muscle protein may possibly explain some of the immunological cross-reactions observed between mammalian muscle and streptococcal components in the sera of rheumatic fever patients (37) (38) (39) . In addition, M protein's resemblance to tropomyosin, in conjunction with the capacity to maintain a specific tertiary structure, may be responsible for the common antiphagocytic property of this immunologically diverse molecule. In this regard, there is a good deal of evidence to suggest that the biochemical pathway for the generation of energy for phagocytosis is similar to that of muscle contraction (40, 41) . The presence of actin and myosin in phagocytic cells and their resemblance to their muscle counterparts has been clearly demonstrated (42) (43) (44) (45) . Although tropomyosin-like regulatory proteins have not as yet been isolated from leukocytes, they have been tentatively identified in fibroblasts (46) and have been isolated from other nonmuscle cells like human and horse platelets (47, 48) , as well as chicken and calf brain (49, 50) . Furthermore, troponin-tropomyosin complex from muscle, in the presence of actin, is able to confer Ca++-regulated Mg++-ATPase activity upon myosins isolated from mouse fibroblast and guinea pig polymorphonuclear leukocyte (43, 51) . Therefore, it is conceivable that, because of their striking resemblance to tropomyosin, a regulatory protein in muscle contraction, M proteins may also play a regulatory role in the contractile machinery of leukocytes. Answers to these and many other questions obviously require a more-detailed knowledge of the sequence of M proteins as well as their physiological and immunochemical relationship to tropomyosin. These are currently being investigated.
Summary
Partial sequences of three immunologically distinct group A streptococcal M proteins (M5, M6, and M24) revealed significant homology with each other, certain amino acid residues being conserved within the three molecules. In addition, a common feature of the sequenced regions of these M proteins was their high alphahelical potential and the presence of a repeating seven residue periodicity that is characteristic of the double helical coiled-coil molecule, tropomyosin. The existence of a tropomyosin-like seven residue periodicity strongly suggests that regions of these three M proteins may participate in intra-and/or intermolecular coiled-coil interactions. Because of the constraints imposed by such a repeating periodicity, certain conserved residues within the M proteins would occupy spatially equivalent positions in the tertiary structure of these molecules. This common characteristic could play an important role in the common antiphagocytic property of the immunologically diverse M molecules. In addition to similarities in the secondary structure of M proteins and tropomyosin, significant sequence homology has also been observed between certain regions of these molecules with up to 50% identical residues. As a result of the striking structural similarity with tropomyosin, M proteins may play a regulatory role in the contractile mechanisms involved in phagocytosis.
